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N-arylpyrroles with low to good yield depending on the electronic properties of the substituents on the borodiene. Whereas, an sp 3 boron substituent led to the formation of stable boro-oxazines 
Introduction
The hetero Diels-Alder reaction between a nitroso hetero dienophile and a diene is a useful tool in organic chemistry. Since 1947 and the pioneering work of Wichterle, 1 this reaction has been widely studied and numerous nitroso and diene partners have been used to enlarge its scope and efficiency. A large range of nitroso reagents, including acylnitroso, nitrosoarene and chloronitroso etc., have been used, as well as substituted acyclic, cyclic and heterocyclic dienes to provide 3,6-dihydro-1,2-oxazine scaffolds. 2 The resulting oxazine skeleton is a key intermediate in the synthesis of natural products, such as alkaloids derivatives, 3 heterocycles 4 and saccharide mimetics. 5 However, the modest regioselectivity encountered with some types of unsymmetric dienes can constitute an important limitation for applications in organic synthesis.
The nitroso [4+2]-cycloaddition can provide two regioisomers; the distal isomer (major substituent close to the nitrogen of the oxazine cycloadduct) and the proximal isomer (major substituent close to the oxygen of the oxazine cycloadduct) (Scheme 1). Several studies on the regiocontrol of this reaction have shown that it results from a combination of both steric and electronic effects on both the nitroso and diene partners. For example, Houk et al. examined monosubstituted dienes and their addition to numerous nitroso derivatives 6 and established a correlation between regioselectivity and: 1) the properties and position of substituents on the diene; 2) the nature of the nitroso compound. More recently, Kouklovsky et al. examined 1,2-disubstituted dienes and their reaction with Boc-nitroso compounds to derive nitroso Diels-Alder cycloadducts with high regioselectivity. 7 To predominantly obtain the distal isomer, it is necessary for the diene to bear a bulky substituent at C 1 and an electron donating group at the C 2 position. For the proximal isomer, a non-bulky substituent at C 1 and an electron-withdrawing group at C 2 are required. Nevertheless, regioselectivity is also dependent upon the nature of the nitroso compound.
Scheme 1. Regioselectivity of nitroso Diels-Alder reaction with mono-and di-substituted dienes.
Despite the synthetic utility of borodienes, 8 especially in multicomponent and cascade processes, no investigation of the reaction of borodienes has been carried out with nitroso compounds until our recent preliminary communication which focused on the reaction of 1,3-dienylboronic esters 1 (Scheme 1, R 1 = Bpin) with aryl nitroso derivatives 2. 9 In addition to the possible postfunctionalisation of the resulting cycloadducts, we expected that tuning of the electronic properties of the boronated group through the introduction of various substituents on boron 10 would provide an insight into the control of the regioselectivity of the [4+2] cycloaddition reaction, and therefore, the subsequent transformation of the resulting cycloadducts. Herein, we report the full details of these studies, especially the impact of varying the nature of both the borodiene and dienophile substituents upon the reaction outcome, and hence, discuss the mechanistic implications of the results.
Results and Discussion

Reaction 1-dienylboronate pinacolate esters with nitrosoarene compounds
As reported previously, 9 initial investigations into the reaction between the dienyl boronate 1 and nitrosobenzene 2 resulted in the formation of the unexpected N-phenylpyrrole 3a instead of a mixture of regioisomeric oxazine cycloadducts (Scheme 2). Given that such reactions tend to lack high regiocontrol, 2 the efficiency of the pyrrole formation was intriguing and clearly required further study and explanation. Indeed, even when the reaction was followed by 1 H NMR, only 3-methyl-1-phenyl-pyrrole 3a, together with some azoxybenzene 4, was identified. There was a notable absence of any oxazine cycloadducts and the reaction was complete after 5 h to afford 3a in 82% isolated yield (Table 1 , Entry 3). Further studies to address the scope of this reaction were conducted, the results of which are summarized in Table 1 . o-Me-C 6 H 4 NO 69
[a] Reaction with 1.5 eq of ArNO in MeOH at RT for 5 h.
[b] Reaction with 1.5 eq of ArNO in DCM at RT for 48 h.
[c] Reaction with 2.5 eq of ArNO in MeOH at RT for 5 h.
Differently substituted nitrosoarene compounds were reacted with borodiene 1 to afford Narylpyrroles 3 in moderate to good yields. Use of either a protic solvent (MeOH) or an aprotic solvent (DCM), had no significant effect (Entries 1 and 2, Table 1 ). Due to the formation of the azoxybenzene by-product, an excess of nitrosoarene reagent (2.5 eq) was used in order to increase the isolated yield, for example, by 15% in the cases of comparing Entries 1 and 3 ( Table   1 ). Modification of the nature or the location of the aromatic ring substituent on the nitrosoarene moiety showed no notable effect on the formation of the N-arylpyrrole products 3a-g, which were isolated in 52 to 82% yields (Entries 4-9, Table 1 ). Other dienes, prepared according to literature procedures, 11 were also examined, as summarised in Table 2 . [b] 16 3 [b] 34
[a] Reaction with 2.5 eq of ArNO in MeOH at RT for 5 h.
[b] Reaction with 2.5 eq of ArNO in MeOH at RT for 16 h.
Unsubstituted 1-borobutadiene 5 reacted efficiently with nitrosobenzene to give the corresponding pyrrole 3h in 78% yield (Entry 1, Table 2 ). However, there was a major decrease in yield observed in the case of the more substituted and cyclic borodiene 6 (Entry 2, Table 2 ).
The acyclic, 2-substituted diene 7 also resulted in a reduced yield (Entry 3, Table 2 ), though the yield was not quite as low as for cyclic diene 6. The corresponding pyrroles were nevertheless isolated in only 34% and 16% yields respectively, and despite the extended reaction times.
Next, the influence of substituents on the borodiene were examined, possessing aromatic or electron withdrawing groups in position 4. Diene 8 was prepared via a 3 step pathway, involving a Sonogashira reaction of β-bromostyrene with trimethylsilylacetylene, followed by protodesilylation, to give 4-phenyl-3-buten-1-yne as an E/Z mixture (91/9). 12 Hydroboration using pinacolborane and Schwartz' catalyst 11a provided the desired diene 8 as a mixture of two stereoisomers (E,E:E,Z = 91:9) in a 56% overall yield. The subsequent reactions of diene 8 with nitrosobenzene are shown in Table 3 . [a] Reactions with 2.5 eq of nitrosobenzene.
[b] Reaction with 2.5 eq of nitrosobenzene added in portions.
[c] Reaction with 2.5 eq of nitrosobenzene added slowly by syringe pump.
[d] Reaction with 3.5 eq of nitrosobenzene.
In the presence of nitrosobenzene, no reaction of diene 8 was observed at room temperature in either toluene or MeOH (Entries 1 and 2, portions in an attempt to decrease azo-by-product formation (1 eq at the outset -1 eq after 4 h -0.5 eq after 4 h), or by slowly addition of a MeOH solution by syringe pump (see Entries 6 and 7, Table 3 ). Finally, the use of 3.5 eq of nitrosobenzene (Entry 8, Table 3 ) was required in order to achieve the complete conversion of both stereoisomers of diene 8, resulting in the formation pyrrole 3k and a 36% isolated yield.
The introduction of an electron withdrawing group (methyl carboxylate function) in position 4 of the borodiene was next examined. Diene 9 was, therefore, synthesized by a Wittig route from an ester-stabilised ylide and β-borylacrolein pinacol ester, resulting in a mixture of three stereoisomers (E,E:E,Z:Z,E = 83:10:7) in an unoptimized 30% overall yield. 13 The subsequent reactions of diene 9 are shown in Table 4 . Toluene reflux 128 100 (26) [a] Reactions with 2.5 eq of nitrosobenzene.
[b] Reaction with 5 eq of nitrosobenzene Diene 9 proved even less reactive than diene 8, and longer reaction times and higher temperatures were required to give an improved conversion (see Table 4 , Entries 1-5). In order to form the pyrrole 3l, 5 equivalents of nitrosobenzene and a 128 h reaction time was required in toluene at reflux, and only the E,E-stereoisomer reacted. Indeed, even under longer reaction times, the other isomers were still unreacted and present in the reaction mixture (Entry 5, Table 4 ). Nevertheless, 26% of the corresponding pyrrole 3l was isolated after silica gel chromatography (Entry 5, Table   4 ).
Reaction of tetracoordinated 1-borodienes to nitrosoarene compounds
Since the various 1-borodienes with pinacol esters all resulted in reactions in which the oxazine was not observed, our attention was turned our attention to the study of the influence of boron substituents that might result in the oxazine cycloadducts being isolated. The impact of replacing the pinacol ester of boronate 1 by diethanolamine was studied, as outlined in Scheme 3.
Scheme 3. Reactivity of dienyl diethanolamine esters 10 with nitrosobenzene.
Reaction of 1-borodiene 10 with nitrosobenzene resulted in the identification of the [4+2]-cycloadduct 11 in the 1 H NMR spectrum of the crude mixture.
14 After 2 h, all the diene 10 was consumed and the intermediate boro-1,2-oxazine 11 had also disappeared, resulting in only pyrrole 3a formation, together with small amounts of azoxybenzene 4 (Scheme 3). 15 This cycloaddition (Scheme 4) was notably faster with this tetracoordinated boron substituent (50% conversion after 5 min at room temperature compared with 5 h for complete conversion of the corresponding pinacol ester (Table 1 , Entry 3).
Indeed, this increased reactivity was confirmed by the reaction of cyclic diene 12 16 which provided pyrrole 3i after only 2 h and in a 46% yield as shown in Equation 1 (compared with 16% over 16 h for the corresponding pinacol ester derivative, Entry 2, Table 2 ).
Most interestingly of course, the observation of the transient [4+2]-hetero-Diels-Alder cycloadduct 11 (Scheme 3) confirms the key role of the oxazine cycloadduct in the subsequent formation of the pyrrole. Diethanolamine esters are known for their facile hydrolysis or methanolysis to regenerate the corresponding boronic acid or ester, 17 however, simply the reversibility of B-N chelation could be responsible for allowing the facile rearrangement to the pyrrole (vide infra). We can also observe in these results, the beneficial effect of the tetracoordinated boronate ester, which is presumably less electron withdrawing then a pinacol ester, and therefore, more reactive towards the electron deficient dienophile.
Prompted by these results, we therefore examined the behavior of corresponding MIDA (Nmethyliminodiacetic)borodiene derivatives. Because of their high stability towards air and moisture, these compounds have been used as flexible scaffolds for the synthesis of a wide range of functionalized small molecules. 18 It was our expectation that such dienes would make it possible to isolate and study the intermediate oxazine cycloadducts. The presence of an sp 3 -versus a sp 2 -hybridized borodiene would also be expected to be a useful tool to examine the regioselectivity of the cycloaddition reaction. The scope of the reaction of the MIDA diene 13
was, therefore, examined with various nitrosoarene compounds, as outlined in Table 5 . Reactions were carried out in AcOEt for a better solubility of the diene B-MIDA 13. The reaction of the MIDA-borodiene 13 provided the corresponding oxazine cycloadducts in moderate to good yields with the different nitrosoarene compounds, without obvious electronic effects from the aryl substituent. However, single regioisomeric products were obtained, as exemplified by the formation of the stable [4+2]-cycloadduct 14a, obtained from reaction of diene 13 with nitrosobenzene and isolated in 64% yield (Entry 1, Table 5 ). Only the boronoxygen 1,2 related regioisomer (in red in Table 5 ) was observed and its structure was assigned by NOESY NMR by correlation between the o-phenyl Hs and one of the NCHs on the oxazine ring.
The introduction of different nitrosoarene substituents, i.e. electron donating and withdrawing groups in positions 2 and 4, did not change the resulting regiochemical outcome (Entries 2-5, Table 5 ) and yields ranged between 47 to 77%. It is also noteworthy that little or no dimerization of the nitrosoarene took place during these reactions, reflecting the short reaction times and more reactive diene, reducing the potential for competitive by-product formation from the nitroso compound.
The impact of different MIDA borodiene substituents was then examined, i.e. dienes 15-18, which were synthesized by Stille or Suzuki-Miyaura couplings of (E)-(2-bromovinyl)-MIDA boronate with either vinyltributyltin (72%), (E)-hex-1-ene boronic acid (79%), (1-bromovinyl)benzene (68%) or 1-phenylvinylboronic acid (76%), respectively. 19 The resulting nitroso addition reactions are summarised in Table 6. 14 78 (100/0) 4 [b] 89 (40/60)
[a] Reaction with 2.5 eq of nitrosobenzene in AcOEt at rt for 6 h. [b] Reaction with 5 eq of nitrosobenzene AcOEt at reflux for 24 h.
Similar to the results observed with the MIDA derivative 13, the first three dienes (15-17) gave the same single regioisomeric boron-oxygen 1,2-related products at room temperature (in red in Table 6 ), with the boron occupying the α-position relative to the ring oxygen of the oxazine (Entries 1-3, Table 6 ). The introduction of a phenyl group at C 4 noticeably reduced the reactivity of the borodiene 18 with reaction only occurring at reflux in EtOAc over 24 h. In addition, a mixture of regioisomers 22 and 22' (ratio 40:60) was isolated in an 89% combined yield (Entry 4, Table 6 ). The structure of the major boron-oxygen 1,3-related regioisomer 22' (in blue in Table   6 ) was secured by single crystal X-ray structure analysis (see SI), confirming the cisstereochemistry of the boron and phenyl ring substituents. Both steric and electronic effects of the phenyl ring can explain this observed preferred regiochemistry (as discussed by Houk et al.
for 1-phenylbutadiene compared with penta-1,3-diene 20 ).
Mechanistic aspects of the reaction 1-borodienes with nitrosoarene compounds
The mechanism which was hypothesized and subsequently supported by DFT calculations 9 to rationalize the observed formation of pyrroles 3a-l is shown in Scheme 4, which involves a 
Transformations of boro-1,6-dihydro-1,2-oxazine derivatives
To explore the synthetic importance of B-MIDA oxazine derivatives, we decided to carry out a Suzuki-Miyaura coupling with the cycloadduct 14a as a model substrate. Under classical experimental conditions for this class of reaction, 1 H NMR of the crude reaction mixture (see ESI) shows a full conversion of the starting material into the pyrrole 3a that showed that 14a is not stable enough to survive under Suzuki-Miyaura coupling conditions (Scheme 7).
conditions
To confirm that this is indeed the location of the boronated group that is responsible for this failure, the diene 37 was synthesized from (1-bromovinyl)-MIDA boronate and 1-bromostyrene. 21 The reaction with nitrosobenzene regioselectively provided the cycloadduct 38 in a 73% isolated yield with only traces of the second isomer. 22 To confirm the structure of the 
EXPERIMENTAL SECTION General information and materials.
Reagents and solvents were used as received from the supplier, unless specified. When specified, dried solvents were used; THF and toluene were distillate on sodium, benzophenone and DCM General procedure for pyrrole synthesis.
To a solution of diene (1 eq) (pinacol boronate or diethanolamine esters) in the solvent was added nitrosoarene compound (2.5 to 5 eq). The reaction mixture was stirred at the temperature indicated in the experimental procedure. The solvent was evaporated and the crude product was purified by silica gel chromatography.
Characterization and experimental procedure of compound 3a-j. 9 1,2-Diphenyl-1H-pyrrole 3k. Methyl-1-phenyl-1H-pyrrole-2-carboxylate 3l. 28 To a solution of diene 9 (65 mg, 0.25 mmol) in MeOH (0.5 mL) was added nitrosobenzene (94.9 mg, 0.76 mmol). The reaction mixture was heated to boiling and stirred for 22 h. The solvent was evaporated and the crude product was purified by silica gel chromatography (cyclohexane/toluene 98/2, R f = 0.3) to give compound 3l (15 mg, 26% 
General procedure for [4+2] cycloaddition of B-MIDA dienes to nitrosoarene compounds.
To a solution of diene (1 eq) (MIDA ester) in AcOEt was added aryl nitroso (2.5 eq). The reaction mixture was stirred at room temperature or in reflux conditions. The solvent was evaporated and the crude product was purified by silica gel chromatography.
For oxazine 14a, see reference 9.
Oxazine 14b.
To a suspension of diene 13 (50 mg, 0.22 mmol) in AcOEt (2 mL 
Oxazine 14c.
To a suspension of diene 13 (60 mg, 0.27 mmol) in AcOEt (2 mL), was added 2-nitrosotoluene (48.9 mg, 0.40 mmol). The reaction mixture was stirred at room temperature overnight. The solvent was evaporated and the crude product was purified by solid phase silica gel 
Oxazine 14d.
To a suspension of diene 13 (50 mg, 0.22 mmol) in AcOEt (2 mL), was added 4-chloronitrosobenzene (47.6 mg, 0.34 mmol). The reaction mixture was stirred at room temperature overnight. The solvent was evaporated and the crude product was purified by solid phase silica gel chromatography. (Et 2 O:MeCN 8/2, R f = 0.5). 14d (61 mg, 77% 
Oxazine 14e.
To a suspension of diene 13 (30 mg, 0.13 mmol) in AcOEt (1 ml), was added 4-nitrosobenzoate 
Conversion of 22 to 1,2-diphenyl-1H-pyrrole 3k under basic conditions.
Oxazine 22 (6.0 mg, 0.015 mmol) was dissolved in acetone-d 6 (0.4 mL). NaOD (1M in water, 15 µL, 0.015 mmol) was then added and the reaction was directly followed by 1 H and 11 B NMR.
After one night, a 32% conversion was observed with no further evolution if the reaction was left longer at room temperature. NaOD (1M, 30 µL, 0.030 mmol) was finally added to observe complete consumption of the starting oxazine, followed by DCl (1M in D 2 O, 15 µL, 0.015 mmol). After 15 min, a full conversion into the corresponding pyrrole was observed. The reaction mixture was poured into DCM (2 mL), and water (1 mL) was added. The aqueous layer was extracted with DCM (3 x). The organic phase was dried over MgSO 4 , and filtered over a pad of silica gel and eluted with DCM to give pyrrole 3k (2.8 mg, 85%).
Conversion of 22' to 2-phenylfuran 31 under acidic conditions
Oxazine 22' (6.8 mg, 0.017 mmol) was dissolved in acetone- 
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